Background: Inflammatory cells exhibit an elevated level of protoporphyrin IX (PpIX) after the administration of 5-aminolevulinic acid (ALA). Here, we investigate the sonodynamic effects of ALA-derived PpIX (ALA-PpIX) on macrophages, which are the pivotal inflammatory cells in atherosclerosis. Methods and results: Cultured THP-1 macrophages were incubated with ALA. Fluorescence microscope and fluorescence spectrometer detection showed that intracellular PpIX increased with the concentration of ALA in the incubation solution in a time dependent manner; the highest level of intracellular PpIX was observed after 3-hour incubation. 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assays demonstrated that lower concentrations (less than 2 mM) of ALA have no influence on cell viability (more than 90% of cells survived), but sonodynamic therapy (SDT) with a low concentration of ALA significantly decreased the survival rate of cells, and the effect was increased with both ALA concentration and ultrasound exposure time. Cell apoptosis and necrosis induced by ALA-mediated SDT (ALA-SDT) were measured using Hoechst 33258 and propidium iodide assay. ALA-SDT induced both cell apoptosis and necrosis, and the maximum apoptosis/necrosis ratio was observed at 6 hours after SDT with 1 mM of ALA and 5 minutes of ultrasound exposure. Flow cytometry analysis showed that ALA-SDT significantly increased late stage apoptotic cells (about 10-fold control). Furthermore, ALA-SDT induced reactive oxygen species generation in THP-1 macrophages immediately after the treatment and a conspicuous loss of mitochondrial membrane potential (MMP) at 6 hours compared with that of the control, ALA alone, and ultrasound alone groups. Conclusion: ALA-SDT exhibited synergistic apoptotic effects on THP-1 macrophages, involving excessive intracellular reactive oxygen species generation and MMP loss. Therefore, ALA-SDT is a potential treatment for atherosclerosis.
Introduction
Atherosclerosis is now recognized as a chronic inflammatory disease and is the foremost cause of human death worldwide. 1 Some studies have suggested that macrophages play a pivotal role in the development, progression, and destabilization of atherosclerotic plaques. 2, 3 Therefore, removal of macrophages from plaque represents a new strategy for the treatment of atherosclerosis. 4, 5 Sonodynamic therapy (SDT) is a new treatment method for cancer that locally activates intravascular administrated and targeted accumulated sonosensitizers in the cancer region by low intensity ultrasonic irradiation. The subsequent generation of free radicals by activated sonosensitizers can lead to apoptotic cell death. 6, 7 In a previous study, we reported that emodin,
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submit your manuscript | www.dovepress.com a Chinese herbal medicine, combined with ultrasound can act synergistically to cause damage to macrophages in vitro. 8 However, systemic administration of such herbal medicine is difficult, which limits its application as a sonosensitizer to treat atherosclerosis. 5-aminolevulinic acid (ALA) is a natural precursor to sonosensitizer protoporphyrin IX (PpIX) in the heme biosynthesis pathway. 9 Unlike emodin, ALA can be injected intravenously. It has been reported that, with the systemic administration of exogenous ALA, PpIX can be produced and accumulated in cancer cells and inflammatory cells because of their limited capacity of porphobilinogen deaminase and ferrochelatase. 9, 10 Moreover, PpIX is mainly accumulated in the mitochondria where the PpIX is produced from ALA. 11 The generation of reactive oxygen species (ROS) from the ultrasonic-activated PpIX leads to an attack on the cell mitochondria and inactivation of key antioxidant enzymes, 12, 13 which are considered to be responsible for the sonodynamic damage of cancer cells.
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Although the effects of ALA-mediated SDT (ALA-SDT) on cancer cells have been proven, to date there are few studies on whether ALA-derived PpIX (ALA-PpIX) plays a role in the sonodynamic damage of macrophages. This study describes an investigation of the sonodynamic effects of ALA-PpIX on THP-1 macrophages in vitro.
Methods Materials
ALA, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), and propidium iodide (PI) were purchased from Sigma-Aldrich (St Louis, MO, USA). Fetal bovine serum (FBS) and RPMI 1640 were purchased from Hyclone Laboratories, Inc (HyClone, Logan, UT, USA). Phorbol-12-myristate-13-acetate (PMA) was obtained from EMD Biosciences, Inc (La Jolla, CA, USA). The ApoAlert Annexin V-FITC kit was purchased from BD Biosciences (Franklin Lakes, NJ, USA). All other drugs and chemicals used for this study were obtained from Sigma-Aldrich.
Cell culture
Human THP-1 cells (American Type Culture Collection  [ATCC] , Manassas, VA, USA) were seeded at a density of 0.5 × 10 6 cells per milliliter in RPMI 1640 medium containing 10% FBS, 20 µg/mL penicillin, and 20 µg/mL streptomycin. The cells were maintained at 37°C in a humidified atmosphere containing 5% CO 2 . The cells were differentiated into macrophages by adding 100 ng/mL PMA for 72 hours in 96-well plates and 35 mm Petri dishes.
ALA cytotoxicity and intracellular accumulation of ALA-PpIX
To investigate the cytotoxicity of ALA, the cells were seeded into a 96-well plate and incubated with various concentrations (0-10.0 mM) of ALA for 6 hours. 8 The survival rate of the cells was measured by MTT assay. 8, 14 To investigate the intracellular kinetics of ALA-PpIX, the cells were incubated with various concentrations (0.1, 0.5, 1.0, and 2.0 mM) of ALA for 3 hours. Intracellular PpIX was identified using a fluorescence microscope (Olympus Corporation, Tokyo, Japan). Then, the cells were incubated with 1 mM ALA for 0-12 hours. The fluorescence intensity of PpIX was measured by a fluorescence spectrometer (USB2000; Ocean Optics Inc., Dunedin, FL, USA).
SDT procedure
The ultrasonic generator and power amplifier used in this study were assembled by the Harbin Institute of Technology (Harbin, People's Republic of China), as shown in Figure 1 . The homemade ultrasonic transducer (diameter: 3.5 cm; resonance frequency: 1.0 MHz; duty factor: 10%; repetition frequency: 100 Hz) was placed in a water bath 30 cm under the cells. The ultrasonic intensity used was 0.5 W/cm 2 , as measured by using a hydrophone (Onda Corp, Sunnyvale, CA, USA).
Cell viability assay
During the experiment, the cells were seeded into the 35 mm Petri dishes and incubated with different concentrations of ALA (0-2 mM) for 3 hours in the dark. They were then exposed to the ultrasound for 0-15 minutes. Six hours after ALA-SDT treatment, the survival rate of the cells was measured by MTT assay. Experiments were repeated three times independently. 
Cell apoptosis and necrosis assessment
Flow cytometry analysis
Cell apoptosis and necrosis were also assessed by the Annexin V-FITC apoptosis kit according to the manufacturer's instructions. Cells were divided randomly into four groups (control, ultrasound alone, ALA alone, and SDT). For the ALA alone and SDT groups, 1 mM ALA solution was added to the cells. The cells in the control and ultrasound alone groups were incubated with an equivalent PBS solution instead of the ALA solution. After 3-hour incubation in the dark, the cells in the ultrasound alone and SDT groups were exposed to the ultrasound for 5 minutes. Six hours after the treatments, the cells were incubated with 5 µL Annexin V and 5 µL PI for 10 minutes at room temperature in the dark. Cells from each sample were then analyzed by FacsCalibur flow cytometer (BD Biosciences). The data were analyzed using CELLQuest software ( 
Mitochondrial membrane potential detection
Mitochondrial membrane potential (MMP) was assessed using fluorescent probe jc-1. Six hours after ALA-SDT treatment, macrophages were incubated with 10 mg/mL jc-1 for 20 minutes at 37°C in the dark and were monitored by the fluorescence microscope. Red-orange fluorescence is attributable to a potential-dependent aggregation in the mitochondria. Green fluorescence, reflecting the monomeric form of jc-1, appeared in the cytosol after mitochondrial membrane depolarization. The fluorescence intensity was measured using a fluorospectrophotometer (Varian Australia Pty Ltd, Melbourne, Victoria, Australia) at 488 nm excitation and 530 nm (green) and 590 nm (red) emission wavelengths. Experiments were repeated three times independently.
ROS detection
ROS content was determined by measuring the fluorescence of 2,7-dichlorofluorescein (DCF). 2′-7′-dichlorofluorescin diacetate (DCFH-DA) was added to the medium of cells at a final concentration of 20 µM and incubated at 37°C for 30 minutes. The cells were then washed carefully with PBS. Immediately after ALA-SDT treatment, a total of 1 × 10 6 cells were collected, resuspended in serum-free medium, and measured using the fluorospectrophotometer at 488 nm excitation and 525 nm emission wavelengths. Experiments were repeated three times independently.
Statistical analysis
All data were reported as mean value ± standard deviation (SD). One-way analysis of variance, followed by StudentNewman-Keuls testing, was used to determine the difference among the groups. Statistical evaluation was performed using SPSS software (v13.0; IBM Corporation, Armonk, NY, USA). Differences with P , 0.05 were considered statistically significant.
Results
ALA cytotoxicity and intracellular accumulation of ALA-PpIX
MTT assay showed that cell viability was related to ALA concentration. Low concentrations (less than 2 mM) of ALA did not influence cell survivability, and more than 90% of cells survived (Figure 2A ). The fluorescence intensity of PpIX detected by the fluorescence spectrometer was increased in THP-1 macrophages after incubation with 1 mM ALA, peaked at 3 hours, and then faded with time ( Figure 2B ). Fluorescence microscope detection showed that an identical pattern of intracellular PpIX red fluorescence was observed when ALA concentration was greater than or equal to 1 mM ( Figure 2C ).
Cell viability after ALA-SDT
The survival rate of macrophages decreased with ALA concentration and ultrasound exposure time. As shown in Figure 3 , the survival rate decreased significantly from 90.1% ± 2.2% (0.1 mM) to 58.7% ± 2.1% (2.0 mM) in cells treated with ALA-SDT, using 5 minute ultrasonic irradiation. The survival rate decreased significantly from 80.7% ± 2.3% (1 minute) to 59.7% ± 2.3% (15 minutes) in cells treated with ALA-SDT at 1 mM ALA concentration. 
Apoptosis and necrosis induced by ALA-SDT
Hoechst 33258 and PI assay of cell apoptosis and necrosis are shown in Figure 4A and B. ALA-SDT induced both apoptosis and necrosis in THP-1 macrophages, and the apoptotic ratio was higher than the necrotic ratio with appropriate conditions. The percentage of apoptotic cells increased significantly from 8.3% ± 3.4% (0.1 mM) to 22.2% ± 2.7% (1 mM), but decreased to 17.6% ± 2.2% (2.0 mM) in cells treated with ALA-SDT using 5-minute submit your manuscript | www.dovepress.com
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ultrasonic irradiation, while the percentage of necrotic cells increased significantly from 7.0% ± 2.3% (0.1 mM) to 23.1% ± 5.7% (2 mM). The maximum apoptosis/necrosis ratio (1.7 ± 0.3) was observed in ALA-SDT-treated cells at 1 mM ALA concentration. The percentage of apoptotic cells increased significantly from 14.1% ± 0.8% (1 minute) to 25.3% ± 3.0% (5 minutes), but decreased to 13.0% ± 3.8% (15 minutes) in cells treated with ALA-SDT at 1 mM ALA concentration, while the percentage of necrotic cells increased significantly from 9.9% ± 3.3% (1 minute) to 21.6% ± 6.1% (15 minutes). The maximum apoptosis/ necrosis ratio (1.9 ± 0.4) was observed in ALA-SDT-treated cells using 5-minute ultrasonic irradiation. Furthermore, cell apoptosis and necrosis were measured using flow cytometry with double staining of Annexin V and PI. As shown in Figure 4V , there were nearly equal cell apoptosis rates in the ALA alone and the control groups. However, the ultrasound-treated cells displayed an increase in late apoptosis rate. The late cell apoptosis rate in the ALA-SDT group was much higher than the other three groups (about 10-fold of the control).
Mitochondrial membrane potential loss induced by ALA-SDT
The green and red-orange fluorescence intensities of jc-1 were measured using the fluorospectrophotometer. As shown in Figure 5A , the relative MMP level of the ALA alone group was not different from that of the control group (P . 0.05). However, the relative MMP levels of macrophages exposed to ultrasound alone and SDT were decreased to 84.7% ± 4.6% (versus the control group, P , 0.05) and 51.1% ± 4.4% (versus the control and ultrasound alone groups, P , 0.01), respectively. The fluorescence properties of jc-1 in cells of the control and the treated by ALA alone, ultrasound alone, and SDT groups were monitored by the fluorescence microscope. As shown in Figure 5B , red-orange fluorescence was present in most cells of the control and ALA alone groups, while green fluorescence was present in a small portion of the ultrasound-treated cells and most of the SDT-treated cells.
ROS generation by ALA-SDT
The fluorescence intensity of DCF was measured by the fluorospectrophotometer. The relative ROS level in the ALA 
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Waksman et al successfully demonstrated that MV0611 mediated PDT simultaneously reduced the inflammation of plaque and attenuated the progression of the disease. 16 Our previous study further demonstrated that PDT with ALA could reduce the macrophage content in plaques. 17 However, the application of PDT is limited to superficial lesions because of its definite penetration. Since ultrasound has a much lower attenuation coefficient than does light in biological tissues, SDT is more promising for the noninvasive treatment of atherosclerosis imbedded in deep tissue. In this study, the sonodynamic effects of ALA-PpIX on macrophages were investigated in vitro.
Here, we confirmed that PpIX preferentially accumulated in THP-1 macrophages through the administration of ALA. alone group was 121.7% ± 8.1%, which was not statistically different from the control group (100%, P . 0.05). ROS levels were increased to 166.7% ± 8.5% in the ultrasound alone group (versus the control group, P , 0.05) and 322.0% ± 33.4% in the SDT group (versus the control and ultrasound alone groups, P , 0.01) ( Figure 6A ). The fluorescence of DCF was also monitored by the fluorescence microscope. The green fluorescence of DCF was present in few control and ALA-treated cells, and was present in a small portion of the ultrasound-treated cells and most of the SDT-treated cells ( Figure 6B ).
Discussion
ALA-PpIX has already been applied clinically as a sensitizer in photodynamic therapy (PDT) and SDT of cancers.
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Intracellular PpIX was proportional to ALA concentration as well as ALA incubation time with incubation up to 3 hours ( Figure 2B and C) . ALA concentration over 1 mM showed obvious cytotoxicity as less than 80% of cells survived (Figure 2A) . Therefore, PpIX accumulation induced by ALA in macrophages reached its maximum at 1 mM ALA for 3-hour incubation. These results indicate that the specification of proper drug concentration and incubation time is necessary for the safety of SDT. Furthermore, cell viability was measured by MTT assay after ALA-SDT. In the ALA-SDT-treated macrophages, cell death was observed to be ALA concentration-and ultrasound irradiation timedependent.
Recent investigations have revealed that apoptosis was the prominent form of cell death in response to SDT for many cancer cells. 10, 18 As shown in Figure 4A and B, at low sonosensitizer dosage and less ultrasound exposure time, apoptosis was the main cell-death pathway in macrophages. The rate of necrosis increased gradually as the amount of ALA concentration and ultrasound irradiation augmented, and the maximal apoptosis/necrosis ratio was observed at 1 mM ALA and 5-minute irradiation. Clinically, apoptosis is preferred over necrosis since it causes less inflammation reactions. 19, 20 Therefore, ALA-PpIX is a promising sonosensitizer when used in proper concentration combined with the appropriate amount of ultrasound irradiation for the treatment of atherosclerosis.
Cell apoptosis was further assessed in THP-1 macrophages at 1 mM ALA and 5 minutes irradiation using flow cytometry analysis. The cell apoptosis rate of the ALA-SDT group was much higher than that in the ultrasound alone group, while the ALA alone had little effect ( Figure 4C ). Late apoptosis was dominant over early apoptosis in ALA-SDTtreated cells, which was in accordance with previous studies on the SDT treatment of cancer cells. 21 The late apoptotic cells might represent cells that were initially early apoptotic before losing membrane integrity due to the lack of timely phagocytosis in vitro. 22 The treatment efficiency depends on the subcellular localization patterns of sonosensitizers because of the very short lifetime and very short diffusion distance of the ROS during SDT treatment. 23 We propose that mitochondria damage is the major cause of ALA-SDT-induced apoptosis because intracellular PpIX was synthesized in mitochondria from ALA. To confirm this, MMP change of THP-1 macrophages after ALA-SDT was assessed using fluorescent probe jc-1. The cells treated by ultrasonic irradiation displayed a decrease in MMP, and this decrease was greatly enhanced in the presence of ALA, while ALA alone had little effect ( Figure 5 ). This result was consistent with previous studies. 24 The loss of MMP has been confirmed to inhibit the function of mitochondrial adenosine triphosphate synthesis. 25 Additionally, the release of cytochrome c, Smac/ Diablo, and AIF from intermembrane space into the cytosol was observed due to the decreased MMP, which subsequently activated caspase-9 and caspase-3, and eventually regulated cell apoptosis. 26 Our previous investigations have shown that SDT-induced ROS production stimulates damages in the mitochondria. 10, 21 These ROS may react with proteins, nucleic acids, lipids, and other molecules, leading to changes in their structures, and thus causing damage in organelles and cells. It should be noted that there are numerous defensive mechanisms in the cells based on antioxidative enzymes and the actions of low molecular antioxidants, which are able to eliminate excessive active oxygen. 27 However, the defensive system may be destroyed by the formation of excessive free radicals, resulting in irreversible modifications of biologically fundamental macromolecules. Our study indicated that ultrasound treatment alone caused a slight increase in intracellular ROS production compared with the control group (Figure 6 ), but did not produce noticeable cell apoptosis ( Figure 4C ). On the other hand, SDT with ALA generated much more ROS in cells (Figure 6 ), which corresponded well with the results of the highest MMP loss ( Figure 5 ) and cell apoptosis in the group treated by ALA-SDT ( Figure 4C ). These results implied that the enhanced apoptosis of THP-1 macrophages by ALA-SDT was potentially related to the ROS-mediated mitochondrial pathway.
Conclusion
ALA-SDT exhibited synergistic damage and apoptosis of THP-1 macrophages in vitro due to the targeting of mitochondria, excessive intracellular ROS generation, and MMP loss. Our results imply that ALA-SDT, which realized the strategy of reducing the infiltration of macrophages in atherosclerotic plaque, might be a good treatment for atherosclerosis.
